The cestode Schistocephalus solidus is a frequent parasite of three-spined sticklebacks and has a large impact on its host's fitness. Selection pressure should therefore be high on stickleback defence mechanisms, like an efficient immune system, and also on parasite strategies to overcome these. Even though there are indications for manipulation of the immune system of its specific second intermediate host by the cestode, nothing is yet known about the chronology of specific interactions of S. solidus with the stickleback immune system. We here expected sticklebacks to first mount an innate immune response directly post-exposure to the parasite to clear the infection at an early stage and after an initial lag phase to upregulate adaptive immunity. Most interestingly, we did not find any upregulation of the specific lymphocyte-mediated immune response. Also, the pattern of activation of the innate immune system did not match our expectations: the proliferation of monocytes followed fluctuating kinetics suggesting that the parasite repeatedly installs a new surface coat not immunogenic to the host. Furthermore, the respiratory burst activity, which has the potential to clear an early S. solidus infection, was upregulated very late during infection, when the parasite was too big to be cleared but ready for transmission to its final host. We here suggest that the late activation of the innate immune system interferes with the neuroendocrine system, which mediates reduced predation avoidance behaviour and so facilitates the transmission to the final host.
INTRODUCTION
For survival, parasites strongly depend on their hosts (MacInnes 1976) and often seriously impair their fitness. Thus, selection pressure is high in hosts to increase parasite resistance and in parasites to maximize host exploitation, often resulting in an arms race of hostparasite counter-adaptations (Hamilton & Zuk 1982; Hamilton et al. 1990) . The outcome of host-parasite interaction is difficult to predict since it strongly depends on a series of (specific and non-specific) defence barriers of the host and at the same time the ability of the parasite to overcome these (Schmid-Hempel & Ebert 2003) .
Aspects of host-parasite interactions have been studied for several years in the well-established host-parasite model system Schistocephalus solidus and its three consecutive hosts, a cyclopoid copepod, the three-spined stickleback and any fish-eating bird (Smyth 1946; Dubinina 1966; Wedekind 1997) . The tapeworm takes up all its resources from the two intermediate hosts and has a huge impact on their fitness: during infection both hosts suffer from reduced or no reproduction ( Tierney et al. 1996; Wedekind 1997; Bagamian et al. 2004) . When the parasite is infective for the next host, both intermediate hosts are used as vessels to get there and die as prey of the next host (Arme & Owen 1967) . Selection pressure on host defence mechanisms should therefore be high. Specifically, the defence barriers the tapeworm has to overcome when interacting with the three-spined stickleback have been of great interest. It is known that there is no behavioural defence barrier against S. solidus since sticklebacks are unable to avoid infected copepods ( Wedekind & Milinski 1996) . The next step, the time between ingestion and establishment in the body cavity of the sticklebacks, is of crucial importance for infection success (Hammerschmidt & Kurtz 2007) : between 50 and 75% of the parasites fail to infect the fish. Still, the proportion of infected fish can be quite high, but strongly depends on the population and year (Arme & Owen 1967) . Once infected, the only chance of defence is the host's immune system. There have been already a few studies indicating that there are indeed interactions between S. solidus and stickleback immune system.
The tapeworm on one side seems to evade the innate host immune system by adjusting its surface carbohydrate composition (Hammerschmidt & Kurtz 2005b) . It also interferes with cell-mediated immunity, since leucocytes isolated from infected sticklebacks failed to respond to S. solidus antigens in vitro (Scharsack et al. 2004) . The stickleback immune system on the other side should eliminate the tapeworm as early in infection as possible, since this will be potentially impossible later during infection due to the dramatic increase in parasite size. Whether large helminth parasites of fish are killed by cellular responses in vivo is not clear (Secombes & Chappell 1996) , a potential defence against S. solidus could be through activation of the innate immune system. A typical pattern in the innate immune response of fish to helminth parasites is the mobilization and activation of granulocytes (Hoole & Arme 1983; Sharp et al. 1992; Taylor & Hoole 1993 Nie & Hoole 2000) , which then produce oxygen intermediates like nitric oxide (NO) and reactive oxygen species (ROS; Whyte et al. 1990; Secombes & Chappell 1996) . However, despite freeing the host from its parasite burden, such an activation of innate immunity also poses immunopathological costs on the host (Lochmiller & Deerenberg 2000) , which is also suggested to play a role in sticklebacks infected with S. solidus (Hammerschmidt & Kurtz 2005a ). This stresses the importance of a fast and efficient response at the beginning of an infection with the tapeworm.
In addition to the innate cellular line of defence ( Jones 2001) , fish hosts possess adaptive immunity that produces specific antibodies against parasite antigens (Roberts et al. 2005; Wiegertjes et al. 2005) . Clonal expansion (proliferation) of lymphocytes is a fundamental part of the specific immune response of fish (Rijkers et al. 1980; Le Morvan-Rocher et al. 1995) , and is used as a measure of activation of the specific immune system against parasites in fish hosts (Hamers & Goerlich 1996; Nie et al. 1996; Scharsack et al. 2000) . In sticklebacks, nobody has so far directly measured activation of adaptive immunity, but results from Kurtz et al. (2004) strongly suggest that parasite growth is restricted by adaptive immunity, since worm size depended on stickleback major histocompatibility complex (MHC) genetics.
Despite all indications that interactions between S. solidus and the stickleback immune system are relevant for both host and parasite, to date no study has monitored the chronology of S. solidus infections from an immunological perspective. For the first time, we simultaneously access parameters of innate and adaptive lines of stickleback immunity during ongoing S. solidus infection. Specifically, we expected the stickleback's cell-dependent innate immunity (granulocyte mobilization and increased production of ROS, proliferation of monocytes) to become activated immediately after parasite exposure to clear the infection at an early stage. Adaptive immunity of the stickleback, after an initial lag phase, should be upregulated and reflected in elevated proliferation of lymphocytes. Additionally, we monitored parasite and host weights to link the strength of the host immune activation to the fitness of both host and parasite.
MATERIAL AND METHODS
(a) Parasites and the infection of the two intermediate hosts Sticklebacks infected with S. solidus were caught from a brackish lagoon of the Baltic Sea in northern Germany (Neustädter Binnenwasser) and screened for S. solidus. Schistocephalus solidus (plerocercoids) were matched pairwise with regard to body weight to ensure that the worms reproduced mainly by outcrossing (Lü scher & Milinski 2003) . Three S. solidus pairs were bred for 6 days in vitro (Smyth 1946; Wedekind 1997) . After removal of culture medium, all eggs from each tapeworm pair were collected and stored in tap water at 48C in the dark until use. The offspring from each pair will be referred to as 'parasite sibship'. Three weeks before exposure of parasites to copepods (first intermediate hosts), eggs were placed at 208C in the dark. One day before infection of copepods, eggs were transferred in Petri dishes with tap water and exposed to a 3 hour light stimulus in the evening, followed by an 8 hour dark period overnight so that eggs were hatched the next morning, when exposed to light again (after Dubinina 1966) .
Copepods (Macrocyclops albidus) were kept in laboratory cultures as described by van der Veen & Kurtz (2002) . The culture used here was initiated with M. albidus from a brook (Kremper Au, Neustadt, Germany) that flows to the brackish lagoon (Neustädter Binnenwasser), the source of the parasite population. Copepods were maintained individually and exposed to a single tapeworm larva (i.e. coracidium) of S. solidus as in Hammerschmidt & Kurtz (2005a) . Six days post-exposure (dpe), infection status of each copepod was determined microscopically. Infected copepods were fed to fish 21 dpe.
Experimental sticklebacks were laboratory hatched and raised offspring from adults originating from the same brackish lagoon (Neustädter Binnenwasser) as the parasites. Offspring from nine pairs of parental sticklebacks were used for infection. The siblings will be referred to as fish families. Fourteen weeks before infection, all experimental sticklebacks were individually marked by spine clipping within the respective family group and housed in groups of 20 animals per 16 l tank. Sticklebacks (nZ537) were transferred to individual tanks (2 l water) and starved for one week to enhance consumption of infected/uninfected copepods. Parasite sibships were assigned randomly to individual stickleback from the different families in a balanced design. One copepod infected with one 21-day-old procercoid was added to each of the 423 fish. For controls, uninfected copepods were offered to 114 sticklebacks from the same families. Three dpe, sticklebacks were returned to 16 l tanks in family groups of seven individuals per tank. The tanks were distributed randomly across the shelves in two aquaria rooms (188C and 16 : 8 light/dark cycles). Sticklebacks were fed ad libitum three times a week with frozen chironomids.
(b) Dissection and fitness parameters of sticklebacks Starting at 7 dpe to the parasite, fish from each group were dissected every 10 days until day 67 post-exposure. Stickleback weight (to the nearest 0.1 mg) and length (to the nearest mm, from the snout to the base of the tail) were determined. After fish were killed by cutting the vertebral column, the head kidney was removed for immunological assays. The body cavity was rinsed with 0.67% NaCl and screened for tapeworms. The liver was removed and weighed (to the nearest 0.1 mg). The hepatosomatic index exclusive parasite weight of sticklebacks was calculated as 100!liver weight/(fish weightKparasite weight).
(c) Measurement of parasite fitness Owing to their small size, no reliable weight measurements could be made for procercoids. Therefore, weights (volumes) of small parasite stages were calculated based on size (i.e. area) measurements with the formula, volume (mm !10 K9 , as given by Wedekind et al. (2000) . Procercoids were dissected from infected copepods 21 dpe, killed and relaxed by transfer to a final concentration of 4% (v/v) acetic acid in tap water. To stop the relaxation process and preserve the material, formalin was added to a final concentration of 4% (v/v) after 5 min. Plerocercoids collected from sticklebacks 7-37 dpe were relaxed with 17% (v/v) acetic acid and formalin (4%) was added after 15 min. From relaxed procercoids and plerocercoids (7-17 dpe), images were taken with a video camera and size (i.e. area) was measured with the image analysis program IMAGE J v. 1.31 (Wayne Rasband, National Institutes of Health, USA; Hammerschmidt & Kurtz 2005a) . From plerocercoids collected 7-37 dpe, formalin weight was measured with a micro fine balance (Sartorius, SE MA 2.1 g). For comparison, formalin weight and fresh weights were measured 27 and 37 dpe. Starting at 47 dpe, plerocercoids were weighed alive (fresh weight) and transferred to the artificial breeding system to produce eggs (used in another experiment). Each parasite was dried and weighed thrice (to the nearest 0. 1 mg) to calculate the mean weight. To be able to use one fitness parameter for the parasite throughout the whole experiment, a standard parasite weight was calculated.
(i) For all parasites which had been in the fish for less than 17 days, we used the formula: standard parasite weightZ parasite volume!0.7048202C0.000013. This formula was obtained by the regression of volume and formalin weight of plerocercoids at 7 and 17 dpe. (ii) For all parasites which had been in the fish for more than 17 days, we used the formula: standard parasite weightZ fresh parasite weight!0.8793691C(K0.000175). This formula was obtained by the regression of fresh and formalin weights of plerocercoids at 27 and 37 dpe.
For parasites collected at 17-37 dpe, formalin weight was used as measured.
(d) Immune parameters For immunological assays, head kidney leucocytes (HKL) were isolated from sticklebacks and analysed for proliferation and respiratory burst activity as described by Scharsack et al. (2007) . Briefly, total cell numbers in individual HKL isolates were determined by means of flow cytometry with the standard cell dilution assay (Pechhold et al. 1994) as modified by Scharsack et al. (2004) . Suspensions of HKL were adjusted to 1.2!10 5 viable cells per millilitre with RPMI 1640 diluted with 10% (v/v) distilled water (R-90).
As one of the most important effector mechanisms of the cellular innate immune system, the respiratory burst activity of HKL was quantified in a lucigenin-enhanced chemiluminescence assay modified after Scott & Klesius (1981) , as described by Kurtz et al. (2004) . In 96-well flat bottom microtitre plates, 80 ml of HKL suspension (1!10 5 HKL per well) was added to 80 ml R-90 and 20 ml lucigenin solution (2.5 g l K1 PBS). Plates were incubated for 30 min at 188C to allow uptake of lucigenin by the cells. Phagocytosis and production of ROS were initiated by the addition of 20 ml zymosan suspension (7.5 g l K1 PBS) and measured for 3 hour at 208C. As a parameter for leucocyte activation, we determined the relative number of proliferating lymphocytes and monocytes (precursors of granulocytes and macrophages) among HKL. Isolated HKL were fixed with ethanol (200 ml cell suspension as described above in 800 ml of 98% ice-cold ethanol) and stored at 48C. After DNA labelling with propidium iodide (7.5 mg l (e) Statistical analyses Using a chi-squared test, we checked for differences in infectivity in sticklebacks between the time points (7-67 dpe). To investigate the differences between the time points, we used nested ANOVAs with the time points and treatments (shamexposed control, exposed but not infected and infected) nested within the time points as independent variables and hepatosomatic index, respiratory burst, lymphocyte and monocyte proliferation as the response variables. Afterwards, data were tested with a Tukey-Kramer post hoc test in pairwise comparisons within the three treatments and the time points. We tested all parameters with the Kolmogorov-Smirnov test for normality and log transformed the respiratory burst activity and the monocyte proliferation. Significant differences between the three parasite sibships were not observed in any of the tested parameters and effects of fish family were only detected in the proliferation of lymphocytes. As equal numbers of control, exposed and infected fish per fish family were dissected at each time point (so that the design was balanced) and differences between fish families were not the focus of this study, we pooled the data from the three parasite sibships and all fish families in the statistical analysis. All statistical analyses were performed using JMP v. 4.0.4.
RESULTS (a) Stickleback infection and survival
From the 537 sticklebacks exposed to experimental conditions, in total 532 were analysed (two fish died, one was infected with two S. solidus parasites and two had an above-average spleen weight). The numbers of sticklebacks Immune manipulation by S. solidus J. P. Scharsack et al. 3153 (n) from the different groups as analysed at the respective time points are given in table 1. Prevalence of infection was high (O60%) at 7 and 17 dpe for infective copepods, which then decreased to values approximately 50% (table 1) ; however, prevalence of infection did not differ significantly between the time points (likelihood ratio (LR) c 2 2 Z8.26, pZ0.22).
(b) Growth/fitness of parasites The parasite weight in the copepods used for exposure was on average 0.014 mg. During the 67-day period in the stickleback host, parasites increased weight approximately 10 000-fold ( figure 1a) . The highest growth rates of S. solidus (fold weight increase in previous time point) were observed from 7 to 17 dpe (16.8-fold, figure 1b) . Growth rates decreased from 11.0 (days 17-27) to 1.2 (days 57-67, figure 1b) . The threshold weight for infectivity of the definitive bird host of 50 mg ( Tierney & Crompton 1992 ) was reached at 45 dpe (arrow, figure 1a) .
(c) Fitness and immune parameters of sticklebacks Stickleback weight generally increased during the experiment. Significant changes over time (within treatment groups) and differences between control, exposed but notinfected and infected stickleback within the time points were detected in hepatosomatic index (figure 2), respiratory burst activity (figure 3), lymphocyte proliferation (figure 4a) and monocyte proliferation (figure 4b; ANOVA results are given in table 2). ) growth rate given as fold increase in average weight of parasites relative to previous time point. Dotted line indicates 50 mg standard parasite weight, the potential threshold for infectivity of definitive bird host, which was reached after 45 days (arrow). Growth rate at day 7 post-exposure was calculated based on weight measurements of procercoids isolated from copepods at the day of exposure (nZ20 at day 0). In detail, the hepatosomatic index of the infected fish decreased and was significantly lower as the control and exposed treatment quite late during infection, at 57 and 67 dpe (figure 2). The respiratory burst activity did not show significant differences between treatment groups in the initial phase of the infection until 37 dpe, but starting at 47 dpe the respiratory burst activity from infected sticklebacks increased dramatically and remained significantly higher than in controls until 67 dpe (figure 3).
Lymphocyte proliferation only showed significant differences in exposed but not in infected stickleback between the time points in the initial phase of infection (7-17 dpe) and dropped below controls at 17 dpe. No significant difference in lymphocyte proliferation between S. solidus-infected and non-infected sticklebacks was observed throughout the observation period (figure 4a). Monocyte proliferation was significantly higher in infected sticklebacks than controls at 7 dpe and then dropped at 17 dpe below the values of controls, increased again at 27 dpe followed by another decrease at 37 dpe and remained in the range of controls until 67 dpe (figure 4b).
DISCUSSION
The chronology of the infection by S. solidus in its intermediate host, the three-spined stickleback, was studied under an immunological approach. Contrary to our expectation, sticklebacks did not show an upregulated respiratory burst activity of leucocytes as an early response to cell-mediated innate immunity in the beginning but in a later phase of infection (47-67 dpe). During the whole experiment, lymphocyte proliferation in infected sticklebacks did not exceed the range of sham-treated controls, suggesting that antibody-mediated adaptive immunity is not upregulated in an infection with S. solidus. This is in line with recent theory stating that tissue injury is needed to evoke a lymphocyte-mediated immune response (Matzinger 2007) , which was not observed after S. solidus establishment in the stickleback's body cavity (Arme & Owen 1967) .
Most strikingly, a key function of cell-mediated innate immunity to eliminate an invading macro-parasite, the respiratory burst activity, was not accelerated in the initial phase of infection. One possible reason could be that individual parasites hide themselves from the host's immune system (Aeschlimann et al. 2000) , for example by adapting their surface carbohydrate composition to the vertebrate host (Hammerschmidt & Kurtz 2005b ). However, the second parameter of cell-mediated innate immunity, the proliferation of monocytes (precursors of macrophages and granulocytes), clearly indicates that immune cells of the infected sticklebacks are mobilized at the beginning of the infection, suggesting recognition of the invader before 7 dpe. This peak of monocyte proliferation was followed by a decrease only 10 days later, which was then followed by an increase and decrease at the later time points. These fluctuating kinetics suggest that even though the cestode is probably recognized by the host immune system at first, it is either able to manipulate monocyte proliferation by the induction of an anti-inflammatory response, as shown in mammals (Hartmann & Lucius 2003) or it sheds its surface antigens several times during infection, as known for Schistosoma mansoni schistosomula (Pearce et al. 1986 ) and so evades the host responses. Generally, S. solidus only seems to be at risk of being cleared by the stickleback immune system early during infection, which is supported by two observations from the present study: (i) prevalence of infection was higher (O60%) early in infection (7-17 dpe) than at all the later time points (45-52% at 27-67 dpe) and (ii) dead parasites (nZ4) were only found until day 17 post-exposure in the body cavity of infected fish. Apparently, S. solidus is more easily eliminated early in infection (until day 7), potentially due to its relatively small size. Between days 7 and 17, the parasites grew approximately 17-fold, which could be a life-history adaptation of the parasites to simply outgrow the size range of elimination by the immune system. If in principle S. solidus is able to hide from the immune system, it is even more surprising that infected sticklebacks show a significantly elevated respiratory burst activity starting at 47 days post-infection. Although the parasite can probably no longer be destroyed, this strong reaction nevertheless might harm the cestode. For the host, mounting such a strong immune response that late during infection, with no chance of eliminating the parasite, only causes costs, namely for mounting the immune response, but probably more importantly immunopathological costs (Lochmiller & Deerenberg 2000) . This is reflected in the hepatosomatic index, a measure of the short-term energy reserves (Chellappa et al. 1995) , which was significantly reduced in infected compared with control sticklebacks at 57 and 67 dpe. Such energetic costs of the elevated respiratory burst activity were also shown in a previous study on the same system (Hammerschmidt & Kurtz 2005a ). Thus, upregulation of respiratory burst activity that late during infection with S. solidus does not seem to make sense from an immunological point of view and is additionally very costly for the host, but most interestingly, it occurs shortly after the parasites reached 50 mg. This is the threshold weight in S. solidus for a successful infection and production of fertile eggs in its final bird host (Tierney & Crompton 1992) . It is well established in this host-parasite system that the tapeworm is able to interfere with the host's behaviour in such a way that the likelihood for the parasite increases to reach its final host. Sticklebacks show reduced predator avoidance behaviour, when they harbour a high burden (parasite index is more than 25%) of S. solidus (Milinski 1984 (Milinski , 1985 Øverli et al. 2001; Barber et al. 2004) or when the parasite weight is more than 50 mg (Tierney et al. 1993; Barber et al. 2004 ), but not in early infection with parasite weight being less than 50 mg (Aeschlimann et al. 2000) . These behavioural changes are thought to be caused by an increase in concentrations of monoamine neurotransmitters in neuronal tissues of the brain in S. solidus-infected sticklebacks (Øverli et al. 2001) . Whether the neurotransmitters are produced directly by the parasite or their increase reflects a chronic stress reaction in infected fish, which could well be the result of an immune response (Øverli et al. 2001) , still has to be investigated. It is generally difficult to distinguish whether a parasite directly or indirectly manipulates its host behaviour due to the complex interactions between immunity and nervous systems (Adamo 2002; Thomas et al. 2005) . Only a few studies on invertebrates suggest parasite secretions to activate components of the immune system and so manipulate their host's nervous system (Adamo 2002) . Also, in vertebrates, it is well established that behavioural changes associated with acute infections (known as 'acute sickness behaviour') are typically immunologically mediated ( Vollmer-Conna 2001), even though the mechanism is still unclear (Engelsma et al. 2002; Dantzer 2004 ). In our system, the upregulation of respiratory burst activity of leucocytes late during infection with S. solidus could thus lead to the neuronal changes that induce behavioural modifications of the stickleback, and so elegantly enhance parasite transmission to the final host. We show here that S. solidus is able to interfere with the immune system of its specific host, the three-spined stickleback, at various levels and time points during its infection period. Generally, the specific lymphocytemediated immune response was not activated throughout the infection. A cellular response of the innate immune system, the proliferation of monocytes, after fluctuating kinetics early in infection, is downregulated during ongoing infection, potentially due to repeated installation of surface coats by S. solidus that are not immunogenic to the host. Only late during infection, when the parasite is ready for transmission to its final host, is the respiratory burst activity upregulated, most probably mediating reduced predation avoidance behaviour, facilitating transmission to the final host. Future investigations may elucidate whether S. solidus uses its ability to change the carbohydrate surface during ongoing infection of sticklebacks for immune evasion, thus explaining the fluctuating kinetics of monocyte proliferation. Furthermore, the question of whether the correlation between increased respiratory burst activity and behavioural change is causal or coincidental needs careful investigation.
